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Equilibrium isothermAbstract Magnetic baker’s yeast (MB) was prepared using glutaraldehyde cross-linking method
and chemical modiﬁcation with ethylenediaminetetraacetic dianhydride (EDTAD). The fabricated
EDTAD-modiﬁed magnetic baker’s yeast (EMB) was then employed to remove methylene blue.
Comparative adsorption of methylene blue by EMB and MB was systematically investigated with
respect to pH, contact time, initial concentration and reaction temperature. The mechanism of
methylene blue adsorption by EMB and MB was investigated by SEM, FTIR and Special surface
area using methylene blue method. The results revealed that Fe3O4 nanoparticles were steadily
cross-linked/incorporated with baker’s yeast biomass and the EDTA was modiﬁed on the surface
of the magnetic baker’s yeast. The equilibrium adsorption data were ﬁtted better by Langmuir iso-
therm, and the speciﬁc surface areas were 42.953–226.07 m2/g for MB and 94.972–499.85 m2/g for
EMB, respectively. Kinetic studies suggested that the pseudo-second-order model was suitable to
describe the adsorption process. Thermodynamic studies indicated that the adsorption was feasible,
spontaneous and endothermic. The recovery efﬁciencies were above 80% by using 0.1 M HCl.
ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Dye contamination in wastewater can lead to a variety of
environmental problems. Colored water can affect aquatic life
and thus an entire ecosystem can be destroyed by contam-
ination of various dyes in water. Methylene blue, as a typical
cationic dye, can be widely used in industrial practices such
as textile and printing (Hameed et al., 2007; Sajab et al.,
2011; Wang et al., 2008). Because of its complex aromatic ring
structure it is difﬁcult to remove methylene blue from ther’s yeast:
2 Y. Xia et al.environment (Wang et al., 2008). With the growing emphasis
on green industry, it is important to discover cheaper and more
efﬁcient methods for cleaning industrial wastewater. Many
physico-chemical methods such as adsorption, coagulation,
oxidation and biodegradation, have been tested. Among them,
adsorption is considered to be one of the efﬁcient techniques.
This is attributed to its low cost, easy availability, high
efﬁciency, ease of operation and ability to treat dyes in more
concentrated forms (Deng et al., 2011). In this respect, several
types of natural and synthetic biomaterials such as commercial
activated carbon, coal, activated carbon from agricultural
and industrial and wheat straw, have been used as adsorbents
to remove dyes from wastewater (Cheriﬁ et al., 2013;
Ebrahimian Pirbazari et al., 2014; Rafatullah et al., 2010;
Yan et al., 2011). Recently, Saccharomyces, a safe, low-priced
and easily available biological material, has shown great
potential for removal of dyes (Farah et al., 2007; Pratibha
et al., 2010). However, isolation and recovery have limited
its application on a larger scale. The magnetic separation
technique has been shown to be a potential application for
solid–liquid phase separation. Nowadays, nano-Fe3O4 has
been used for purifying wastewater from dyeing industry and
the removal of heavy metals due to its super-paramagnetism
(Fan et al., 2012; Geng et al., 2012; Yao et al., 2012a,b). A
research has been reported that the magnetic baker’s yeast
(MB), prepared by crosslinking baker’s yeast and nano-
Fe3O4, can be used as adsorbent to remove methyl violet in
wastewater (Tian et al., 2010). Nevertheless, the adsorption
capacity of MB for dyes was unsatisﬁed. The amount and
species of functional groups on the surface of adsorbent have
been conﬁrmed to be signiﬁcantly responsible for adsorption
capacity when used to treat wastewater according the previous
reports (Liu et al., 2010; Rafatullah et al., 2010; Shen et al.,
2011). Ethylenediaminetetraacetic dianhydride (EDTAD) is a
ramiﬁcation of EDTA and an active agent containing two
anhydride groups per molecule which can be employed to
introduce chelating abilities to biomaterials through esteriﬁca-
tion/amidation reaction (Chen et al., 2012; Koodyn´ska et al.,
2008). Moreover, this reaction will introduce carboxylic and
amine functional groups which possess high ability to form
stable complexes with heavy metals or dyes. The exciting
features of EDTAD inspire us to develop a facile approach
for fabricating new adsorbents with superior adsorption
capacity for heavy metals or dyes.
Herein, this work describes the fabrication of a new
adsorbent from baker’s yeast using EDTAD and nano-
Fe3O4 as modifying materials. The resulting EDTAD-
modiﬁed magnetic baker’s yeast (EMB) was then utilized
as absorbent for the removal of methylene blue in wastewater
(shown in Fig. 1). It is desirable that the obtained EMB
not only possesses the super-paramagnetic characteristic of
nano-Fe3O4 for isolation and recovery, but also has the good
adsorption capacity of EDTAD for cationic dye. The adsorp-
tion capacity for methylene blue on the prepared EMB
(223.66 mg/g) was lower than that of polymer modiﬁed
baker’s yeast (869.6 mg/g)(Yu et al., 2009b), however, EMB
showed higher methylene blue adsorption capacity, compared
with baker’s yeast (62.7 mg/g)(Yu et al., 2009a) and MB
(110 mg/g).Please cite this article in press as: Xia, Y. et al., Comparative adsorption of methylen
Equilibrium and kinetic study. Arabian Journal of Chemistry (2015), http://dx.doi.o2. Materials and methods
2.1. Materials and reagents
The fresh baker’s yeast was purchased from Harbin Mali Ltd.,
China. In order to remove the nutritional ions and soluble
impurities, the samples were repeatedly washed with deionized
water till pH 7.0. After the suspension was centrifuged at
4000 r/min, deposit biomass was collected and dried at 80 C
for 24 h and then ground to granular material. Finally, the
yeast was stored in an airer for further use.
Methylene blue was purchased from Tianjin Chemical
Reagent No. 1 Plant, China. A stock solution of methylene
blue was prepared by dissolving 1.0 g of methylene blue in
1 L of deionized water. Various working concentrations
(50–400 mg/L) were obtained by dilution of the stock solution.
The pH of the solution was adjusted to the ideal value by add-
ing a small quantity of HCl (0.1 mol/L) or NaOH (0.1 mol/L).
2.2. Synthesis of EMB
2.2.1. Synthesis of MB
The magnetic nano-Fe3O4 was preformed according to a pre-
vious report (Shan et al., 2007). After the prepared nano-
Fe3O4 (1.0 g) was dispersed in the deionized water (200 mL)
by ultrasonication, dry baker’s yeast (5.0 g) and 100 mL
glutaraldehyde solutions (1.5 wt.% in aqueous solution) were
successively added into the suspension. Then the mixture was
shaken for 18–24 h at room temperature. After the reaction,
the nano-Fe3O4 biomass (MB) was separated magnetically
and washed several times to remove the residual glutaralde-
hyde. Finally, the product was freeze-dried in high vacuum
for 18–24 h and stored in a dryer.
2.3. Synthesis of EMB
2.0 g of EDTAD synthesized according to the previous report
(Repo et al., 2011), was added to 100 mL of N,N-dimethylfor-
mamide (DMF) containing 5.0 g of MB in a three neck round
bottom ﬂask equipped with a condenser. The mixture was
stirred at 60 C for 3–5 h. Finally, the EMB was synthesized.
The obtained EMB was separated from the mixture by an
external magnet and washed thrice with DMF (200 mL),
deionized water (500 mL) and 10% NaHCO3 solution respec-
tively. EMB was freeze-dried in a high vacuum for 24 h, and
then preserved in a desiccator for further use.
2.4. Adsorption studies
Batch adsorption studies were conducted in 250 mL
Erlenmeyer ﬂasks. 0.1 g of each absorbent was added to
methylene blue solution (100.0 mL). The suspension was agi-
tated by a rotary shaker (DH2DA China). Then the mixture
was magnetically separated. After that, the supernatants were
evaluated to decide the residual concentration of methylene
blue by spectrophotometer (WFJ-7200 Spectrophotometer,
China) at kmax of 640 nm. The adsorption capacity and uptake
efﬁciency were measured by the following equation:e blue by magnetic baker’s yeast and EDTAD-modiﬁed magnetic baker’s yeast:
rg/10.1016/j.arabjc.2015.03.010
Figure 1 Synthesis scheme of EMB and adsorption mechanism for methylene blue.
Figure 2 Effect of the pH.
Comparative adsorption of methylene blue 3qe ¼
ðC0  CeÞV
m
ð1Þ
where qe is the amount of adsorption capacity at equilibrium
(mg/g), C0 is the initial and concentration methylene blue
(mg/L), Ce is the methylene blue concentration at time t
(mg/L), V is the volume of the solution (L) and m is the mass
of adsorbent (g).
2.5. Characterization
Scanning electron microscope (JEOLJSM-5900LV, Japan) was
utilized to characterize the surface structure and morphology
of nano-Fe3O4, baker’s yeast and EMB respectively. The
magnetism of EMB was recorded using a digital camera.
Infrared spectra of methylene blue, EMB before and after
adsorption were identiﬁed using a Fourier transform infrared
spectrophotometer (Shimadzu FTIR-8400s, Japan) within the
region of 400–4000 cm1 via the KBr pressed-disk method.
3. Results and discussion
3.1. The experimental procedure
Fig. 1 shows the synthesis route to prepare EMB and pro-
vides a suggested mechanism for methylene blue adsorption
or desorption. Four main steps were involved in the proce-
dure. First, MB was composed by combining baker’s yeast
and nano-Fe3O4 via glutaraldehyde as a cross-linking agent.
Second, EDTAD molecules were integrated with the MB
via formation of ester bond between EDTAD and hydroxyl
on the surface of baker’s yeast cell wall. Third, after being
rinsed by NaHCO3 solution, the dissociative carboxyl groups
on EMB surface were transformed into carboxylic acid
sodium salts which would enhance the surface activity and
water-solubility. Three of the four-carboxyl and two amino
groups in each EDTA molecule bond with the surface of
the magnetic baker’s yeast biomass (shown in Fig. 1).
Finally, the resulting EMB was conducted as a recycling
magnetic adsorbent for the removal of methylene blue in
the aqueous solution.Please cite this article in press as: Xia, Y. et al., Comparative adsorption of methylen
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The effect of solution pH on the amount of methylene blue
absorbed was studied by varying initial pH under constant
process parameters. As shown in Fig. 2, with increase in pH
values, the adsorption capacity of methylene blue for two
adsorbents was rapidly increased, which can be attributed to
the increase in electrostatic attraction and the decrease of
acid effect for the coordination bonds stability between
methylene blue and functional groups at higher pH values
(Padmavathy, 2008). The maximum adsorption capacities were
attained at approximately pH 8.0 for both adsorbents, and the
prepared EMB presented higher methylene blue adsorption
capacity (223.66 mg/g) than MB (110.00 mg/g). More carboxyl
groups (ACOOH) were produced on EMB surface due to the
introduction of EDTAD, which created more adsorption sites
for methylene blue, resulting in the higher adsorption capacity
of EMB for methylene blue.
3.3. Effect of contact time and kinetics analysis
Fig. 3a illustrates the effect of adsorption time on methylene
blue uptake by MB and EMB. As for MB, the adsorption ofe blue by magnetic baker’s yeast and EDTAD-modiﬁed magnetic baker’s yeast:
rg/10.1016/j.arabjc.2015.03.010
Figure 3 Effect of the contact time (a) and pseudo-second-order kinetic isotherms of MB and EMB (b).
4 Y. Xia et al.methylene blue almost kept constant from 5 min to 45 min. In
the ﬁrst 20 min, the constant adsorption capacity could be
attributed to the instant adsorption of functional groups on
MB surface. After that, the limited binding sites for methylene
blue on MB surface resulted in the constant adsorption capac-
ity. As for MB, the adsorption capacity of methylene blue
almost doubled because of the introduction of EDTAD, which
brought more functional groups on EMB surface.
In order to analyze the adsorption kinetics of methylene
blue on MB and EMB, the pseudo-ﬁrst-order and pseudo-
second-order kinetic models were tested. The pseudo-ﬁrst-
order kinetic model and pseudo-second-order kinetic model
were given in the following (Febrianto et al., 2009;
Padmavathy, 2008):
lnðqe  qtÞ ¼ k1tþ ln qe ð2Þ
t
qt
¼ 1
k2q2e
þ t
qe
ð3Þ
where qe and qt (mg/g) refer to the adsorption capacity at
equilibrium and time t respectively, k1 is the rate constant of
pseudo-ﬁrst-order equation (1/min), k1 can be calculated from
the slopes of the linear plot of ln(qe  qt) versus t. k2 is the rate
constant of pseudo-second-order equation (g/(mg min), and
the slopes of the linear plot of t/qt versus t represent k2.
As shown in Fig. 3b, the linear plots of t/qt versus t show
good agreement between experimental (qe,exp) and calculated
(qe,cal) values (shown in Table 1). The correlation coefﬁcients
(R2) for pseudo-second-order kinetics model are higher than
that for pseudo-ﬁrst-order kinetics model, indicating the better
applicability of pseudo-second-order kinetics model. The
results indicated that a chemisorption process was involved
in this adsorption process in addition to physisorption.
Additionally, the chemisorption process might be the rate-
determining step where valency forces were involved becauseTable 1 Pseudo-ﬁrst- and pseudo-second-order constants for meth
Adsorbents qe,exp Pseudo-ﬁrst-order kinetic model
(mg/g) k1 (min
1) R2 qe
MB 100.48 0.03933 0. 9508 40
EMB 206.99 0.0377 0.9034 55
Please cite this article in press as: Xia, Y. et al., Comparative adsorption of methylen
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on adsorbents and methylene blue (Dogan et al., 2009).
3.4. Effect of initial methylene blue concentration and adsorption
isotherm
The initial concentration provides an important driving force
to overcome all mass transfer resistance of all molecules
between the aqueous and solid phases. Fig. 4a shows the
effects of different initial dye concentrations on the amount
of methylene blue adsorbed by MB and EMB. As shown,
the removal of dye by adsorption on MB and EMB was found
to be rapid at the initial period of methylene blue concentra-
tion and then to slow down with the increasing initial dye
concentration. This phenomenon should be caused by the
attractive forces between the dye molecule and the adsorbent
such as van der Waals forces and electrostatic attraction.
Afterward, fast diffusion onto the external surface was fol-
lowed and the chemisorption of dye continued until reaching
the equilibrium. The increase in loading capacity of the adsor-
bent for dye ions is probably due to a higher driving force for
mass transfer. Then, a slower adsorption rate would occur as
the surface adsorption sites gradually decrease (Abramian
and El-Rassy, 2009).
The equilibrium data were modeled with Langmuir and
Freundlich isotherms (Abramian and El-Rassy, 2009;
Febrianto et al., 2009). The Langmuir isotherm is derived on
the assumption of monolayer adsorption on a homogenous
surface. A linear form of the Langmuir model is expressed by:
Ce
qe
¼ Ce
qm
þ 1
bqm
ð4Þ
The Freundlich isotherm is appropriate for the description
of multilayer adsorption with interaction between adsorbed
molecules. A linear form of Freundlich equation is given as:ylene blue adsorption by MB and EMB.
Pseudo-second-order kinetic model
,cal (mg/g) k2 (g/mg/min) R
2 qe,cal (mg/g)
.6 0.0016 0.9905 92.15
.48 0.002562 0.9997 198.66
e blue by magnetic baker’s yeast and EDTAD-modiﬁed magnetic baker’s yeast:
rg/10.1016/j.arabjc.2015.03.010
Figure 4 Effect of the initial methylene blue concentration (a), Langmuir isotherm for adsorption of methylene blue on MB and EMB
(b) and RL curves for methylene blue on MB and EMB (c).
Comparative adsorption of methylene blue 5ln qe ¼
1
n
lnCe þ lnKF ð5Þ
where qe and qm are the equilibrium and maximum uptake
capacities (mg/g), respectively. Ce is the equilibrium methylene
blue concentration (mg/L), and b is the equilibrium constant.
KF (L/mg) is the Freundlich adsorption constant and 1/n is
the heterogeneity factor.
As shown in Table 2, the greater R2 values show the
Langmuir isotherm ﬁtted better to the adsorption data, which
reveals that the adsorption process was based on monolayer
adsorption and was mostly on the surface-active areas sites
of MB and EMB. The linear plots of Langmuir isotherm for
the adsorption of dye are shown in Fig. 4b.
In order to ﬁnd out whether adsorption is ‘‘favorable’’ or
‘‘unfavorable’’, a dimensionless constant separation factor or
equilibrium parameter, RL was calculated using equation
(Rao et al., 2007; Tian et al., 2010):
RL ¼ 1
1þ bC0 ð6Þ
where C0 is the initial methylene blue concentration (mg/L),
and the value of RL indicates the type of isotherm to be irrever-
sible (RL = 0), favorable (0 < RL < 1), linear (RL= 1) or
unfavorable (RL > 1).
As seen in Fig. 4c, 0 < RL < 0.34 for two adsorbents at
optimal condition reveals that the adsorption experiments of
methylene blue for both MB and EMB are favorable.
Moreover, RL value decreases with increasing initial concen-
tration (C0), indicating that higher C0 is conducive to adsorp-
tion reaction.
3.5. Speciﬁc surface area
It has been assumed that methylene blue forms a monolayer of
adsorbed molecules on the surface of sorbent particles. From
the maximum adsorption capacity values (Table 2), it isTable 2 Results of isotherm models for methylene blue adsorption
Adsorbents Langmuir constant
qm (mg/g) b (L/mg) R
2
MB 107.99 0.03917 0.9967
EMB 216.45 0.2485 0.997
Please cite this article in press as: Xia, Y. et al., Comparative adsorption of methylen
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EMB biomass according to the following expression (Vilar
et al., 2007; Yukselen and Kaya, 2008):
S ¼ qmNAm
M
ð7Þ
where S is the speciﬁc surface area (m2/g), qm the mass of
adsorbed methylene blue in the monolayer (g/g), Am the area
occupied by one methylene blue molecule (m2 per molecule),
N the Avogadro’s number (6.02 · 1023 molecule per mol)
and M is the methylene blue molar mass (373.89 g/mol).
Methylene blue has a parallelepiped shape with approxi-
mately 1.7 nm · 0.76 nm · 0.33 nm. The adsorbent area cov-
ered by one methylene blue molecule probably changes as
attachment can mainly be done with three orientations. Thus
the surface covered area can be 1.30 · 1018 m2 per molecule,
6.6 · 1019 m2 per molecule and 2.47 m2 · 1019 m2 per
molecule. The uncertainty in the assumption of the covered
area can signiﬁcantly affect the estimation of speciﬁc surface
area. The speciﬁc surface area range was evaluated and the
results are listed in Table 3.
It is observed that the speciﬁc surface area for EMB in dif-
ferent orientations is 2 times higher than that of MB. This
demonstrates that speciﬁc surface area of adsorbent plays the
key role in affecting the adsorption capacity.
3.6. Effect of temperature and thermodynamic studies
Effect of temperature on the equilibrium adsorption capacity
for methylene blue has been investigated in the range of
5–40 C. As shown in Fig. 5, the adsorption capacities were
basically unchanged with increasing temperature. This phe-
nomenon should be caused by the following reasons.
Although increase in the mobility of methylene blue molecules
with temperature increasing could increase the adsorption
capacity (Abramian and El-Rassy, 2009), a stronger escaping(biomass dose: 1 g/L; contact time: 60 min; pH: 8.0).
Freundlich constant
RL 1/n kF R
2
0.05999 0.3034 19.63 0.8284
0.009959 0.2391 71.73 0.7385
e blue by magnetic baker’s yeast and EDTAD-modiﬁed magnetic baker’s yeast:
rg/10.1016/j.arabjc.2015.03.010
Table 3 Speciﬁc surface area calculated by methylene blue for
two different adsorbents.
Adsorbents Speciﬁc surface area (m2/g)
S1 S2 S3
MB 42.953 114.77 226.07
EMB 94.972 253.77 499.85
Figure 5 Effect of temperature.
6 Y. Xia et al.ability of dye molecules with a rise in temperature yet could
lead to the decreased adsorption capacity. The amount of
the non-protonated functional groups on the MB and EMB
surface increased due to the increase in the dissociation
constant of protonated carboxyl and amino groups with the
rise of temperature while increasing the temperature swelled
the internal structure of the yeast and enabled the dye ions
to penetrate further. More importantly, as the hydrolysis
degree of the ester bond between EDTAD and the baker’s
yeast increased with the increase of reaction temperature, some
EDTAD molecules could be released from the surface of
biomass via hydrolysis. Based the interaction of these above
factors, the adsorption capacity of methylene blue was basi-
cally constant with the rise of temperature in the adsorption
process.
To determine whether the process is spontaneous, both
energy and entropy factors were considered. The thermody-
namic parameters were calculated by the following equation
(Li et al., 2013):
DG ¼ H  TDS ð8Þ
lnKC ¼ DS

R
 DH

RT
ð9Þ
DG ¼ RT lnKC ð10Þ
where b is the adsorption equilibrium constant. DS, DH and
DG are the changes of entropy (J/(K mol)), enthalpy (kJ/mol)
and Gibbs energy (kJ/mol). T (K) is the temperature and
R (J/(K mol)) is the idea gas constant. KC (L/g) is the
equilibrium constant which can be evaluated by the product
of b (Langmuir equilibrium constant) and qm (the maximum
adsorption capacity at corresponding temperature).
Thermodynamic parameters are shown in Table 4.Please cite this article in press as: Xia, Y. et al., Comparative adsorption of methylen
Equilibrium and kinetic study. Arabian Journal of Chemistry (2015), http://dx.doi.oThe negative values of DG for two materials at different
temperatures show that the adsorption process was sponta-
neous in nature. The negative DH value for MB reveals the
adsorption is exothermic. However, the positive DH value
for EMB suggests the adsorption is endothermic. This means
chemisorption occurred between EMB and methylene blue.
Moreover, the positive DS value for both adsorbents shows
an increased randomness in aqueous solution during the
adsorption process as well as suggests that a better afﬁnity
of methylene blue toward EMB compared with MB.
3.7. Regeneration studies
The adsorption/desorption cycles of the methylene blue
solutions (300 mg/L) were repeated three times with different
eluants (0.1 mol/L HCl and absolute ethanol). The results
are given in Table 5. It was found that the regeneration and
recovery efﬁciency for two absorbents followed a decreasing
order: HCl > absolute ethanol. The reasons for the decrease
in regeneration efﬁciency were due to irreversible adsorption
and the loss of methylene blue in the process of reuse.
Meanwhile, ionized H+ ions from HCl solution would com-
petitively occupy the adsorption sites on MB or EMB surface
thereby releasing dye ions. As can be seen in Table 5, HCl
(0.1 moL/L) solution was preferable for desorption of methy-
lene blue on EMB. Both the HCl (0.1 moL/L) and absolute
ethanol were feasible for MB. More importantly, new more
functional groups were produced on EMB surface due to
EDTAD decoration, and their uptake capacities for methylene
blue were obviously ﬂuctuant with the concentration of H+
ions in outer environment. Hence, compared with absolute
ethanol, HCl solution was conﬁrmed as the optimal eluant
for EMB.
3.8. Magnetic response analysis
The magnetic response characteristic of EMB is one of
the most important characteristics for solid–liquid phase
separation. Fig. 6 shows the magnetic response of EMB in
methylene blue solution toward the applied magnetic ﬁeld at
the beginning (left) and after adsorption (right) respectively.
The EMB gathered on the right side of ground-glass wall as
well as the color of methylene blue obviously turned lighter
(decreased from 300 mg/L to 76.44 mg/L) after adsorption.
The magnetic response of EMB at 2.0 cm distance suggested
that EMB still had a favorable magnetism at a relatively far
distance. These phenomena reveal that the EMB prepared
not only possessed ease of phase separation characteristic,
but also had a preferable removal for methylene blue. This
special advantage made efﬁcient recovery and easy reuse
possible. It would be predictable that the adsorbent material
cost would be reduced and the problems about secondary
pollution would be solved better then.
3.9. SEM analysis
The nano-Fe3O4, baker’s yeast and EMB were analyzed by
scanning electron microscopy (SEM) to study the surface struc-
tures and the results are given in Fig. 7. Fig. 7(a) shows that the
sizes of these Fe3O4 particles were uniform, regular and ﬁne.
The average particle diameter was about 200 nm. As showne blue by magnetic baker’s yeast and EDTAD-modiﬁed magnetic baker’s yeast:
rg/10.1016/j.arabjc.2015.03.010
Table 4 Thermodynamic parameters for the adsorption of methylene blue by MB and EMB (initial concentration, 300 mg/L; volume,
100 mL; absorbent dose, 100 mg; contact time, 60 min; temperature, 5, 10, 20, 30, 40 C; pH value, 8.0).
Absorbents DH (kJ/mol) DS (J/(K mol)) DG (kJ/mol)
5 C 10 C 20 C 30 C 40 C
MB 0.8359 0.1204 3.176 3.223 3.150 3.411 3.456
EMB 1.359 0.5494 9.259 9.270 9.862 10.14 10.52
Table 5 Results of adsorption and desorption (methylene blue concentration: 300 mg/L; biomass doses: 1 g/L; contact time: 60 min;
reaction temperature: 25 ± 1 C; different eluants: 0.1 mol/L HCl and absolute C2H5OH).
Adsorbents A/D cycle
number
HCl C2H5OH
Dye adsorption capacity
(mg/g)
Dye desorption
eﬃciency (%)
Dye adsorption capacity
(mg/g)
Dye desorption
eﬃciency (%)
1 100.48 91.03 100.53 88.42
MB 2 90.55 87.33 88.32 84.73
3 82.11 84.21 82.25 81.31
1 207 92.64 206.72 82.13
EMB 2 188.56 87.55 136.92 70.31
3 172.33 81.31 85.2 50.15
Figure 6 The magnetic response of EMB and adsorption
efﬁciency.
Comparative adsorption of methylene blue 7in Fig. 7(b), the baker’s yeast cells were oval and individual and
their surfaces were smooth and even. The average length and
width of the cells were about 6 lm and 4 lm, respectively.
Fig. 7(c) displays that the surface of EMB was rather rough
and some of biomasses were clung together. Because of the
nano-Fe3O4 adhered on the baker’s yeast surface, as well asFigure 7 SEM micrographs of nano-Fe3
Please cite this article in press as: Xia, Y. et al., Comparative adsorption of methylen
Equilibrium and kinetic study. Arabian Journal of Chemistry (2015), http://dx.doi.othe esteriﬁcation reaction between EDTAD and hydroxyl
groups on the cell wall, therefore the baker’s yeast surface
structure has changed.Moreover, the low temperature and high
vacuum resulted in the production of pore channel on the
baker’s yeast, and thus improving the permeability of EMB
via sublimation and dehydration of baker’s yeast, which is
beneﬁcial for the adsorption and recovery.
3.10. FTIR analysis
The spectra of MB, EMB and EMB adsorbed methylene blue
are shown in Fig. 8a–c. The absorbance peaks at 3410 cm1,
1572 cm1, 1442 cm1, and 1140 cm1 were observed in the
MB spectrum shown in Fig. 8a. The peak at 3410 cm1 attrib-
uted to ANH/AOH overlapped stretching vibration absor-
bance, while the peak at 2928 cm1 came from the
symmetrical stretching CAH of ACH2 band. The band at
1572 cm1 and 1442 cm1 belonged to the stretching band of
C‚O, CAN from the amide II and the symmetrical stretching
band of carboxyl (ACOOH), respectively. The strong peaks at
1140 cm1 and 854 cm1 indicated the bending band of NAH
and CAN from the amide III band functional group (Burattini
et al., 2008; Mahmoud et al., 2009).
Compared with MB, several changes of EMB spectrum
occurred. Firstly, the stretching band of ANH/AOH shiftedO4 (a), baker’s yeast (b) and EMB (c).
e blue by magnetic baker’s yeast and EDTAD-modiﬁed magnetic baker’s yeast:
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Figure 8 FTIR spectra for MB (a), methylene blue (b) and EMB
before (c) and after adsorption (d).
8 Y. Xia et al.from 3410 cm1 to 3444 cm1. Secondly, for EMB, not only
did the increase in the adsorption intensity of carboxyl
(ACOOH) enhance, but the symmetrical stretching band of
carboxyl (ACOOH) moved from 1442 cm1 to 1433 cm1.
This indicates that more ACOOH groups were produced on
EMB because of the introduction of EDTAD. All of these phe-
nomena demonstrated that the EDTAD was successfully intro-
duced to the MB surface via esteriﬁcation reaction resulting in
releasing of more carboxyl and amino groups. Finally, the
adsorption peaks at around 540 cm1 on MB and EMB
represented the characteristic stretching band of FeAO from
nano-Fe3O4 which suggested the existence of nano-Fe3O4 on
the surface of two materials.
Fig. 8c shows the spectrum of EMB after adsorption, the
peaks at 3444 cm1 (Fig. 8b) with respect to ANH/AOH
absorbance disappeared. This means that ANH/AOH
participated in the adsorption processes of methylene blue.
Moreover, the absorbance at 1140 cm1 disappeared as well
as the strength of adsorption peaks at 1579 cm1 and
1433 cm1 decreased obviously. These phenomena showed
that C‚O (ACOOH) and NAH (ANH2) participated in the
adsorption of methylene blue. A new peak appeared at
1360 cm1 came from the strengthening of CAH asymmetric
vibration peaks of ACH3. This may be attributed to adsorp-
tion of methylene on EMB.
4. Conclusions
In this study, the EMB was prepared. It was found that the
adsorption capacity of EMB was higher with pH range
4.0–8.0, compared with MB. The kinetic and equilibrium were
well explained by the Langmuir isotherm and the pseudo-
second-order kinetic, respectively. The result not only revealed
that monolayer adsorption may exist in the adsorption
process, but also indicated that the rate limiting step may be
chemisorption. Higher speciﬁc surface area of EMB (94.972–
499.85 m2/g) indicated the excellent adsorption capacity.
Thermodynamic studies demonstrated that the adsorption of
methylene blue onto EMB was spontaneous and endothermic.
Regeneration studies conﬁrmed HCl solution is the optimal
eluant.Please cite this article in press as: Xia, Y. et al., Comparative adsorption of methylen
Equilibrium and kinetic study. Arabian Journal of Chemistry (2015), http://dx.doi.oAcknowledgments
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